ed Dyx1c1 male rats). Dyx1c1 transfection did, however, lead to significant changes in medial geniculate nucleus (MGN) anatomy, with a significant shift to smaller MGN neurons in Dyx1c1 -transfected animals. Combined results provide important information about the impact of Dyx1c1 on behavioral functions that parallel domains known to be affected in language-impaired populations as well as information about widespread changes to the brain following early disruption of this CDSG.
Introduction
Developmental dyslexia is a common disorder affecting roughly 5-10% of the population worldwide [1] and is characterized by a significant impairment in reading despite adequate intelligence and educational opportunity. Deficits in more basic 'core' component behaviors -also termed 'intermediate phenotypes' -are also common in dyslexic individuals, including deficits in phonological processing [2] [3] [4] , short-term and/or working memory [5] [6] [7] [8] [9] , visuospatial attention [10, 11] , and rapid auditory processing [12] [13] [14] [15] . The underlying cause(s) of these behavioral impairments and the associated dyslexia diagnosis remains unknown. However, a study by Galaburda et al. [16] revealed microscopic changes in perisylvian regions of the cortex in the postmortem brains of 4 dyslexic males, providing the first evidence to suggest that the neurological foundation for dyslexia may become evident early in brain development and specifically during the process of neuronal migration. In the same brains, Galaburda et al. [17] also noted a significant shift in the distribution of large and small cells in the medial geniculate nucleus (MGN) of the thalamus of dyslexic individuals (as compared to brains of unaffected subjects) -a finding that had significant functional implications given the known role of the MGN in auditory processing, coupled with the prevalence of auditory processing deficits in dyslexia [17] . Similar examples of cortical migrational disruption were observed postmortem in the brains from 3 female dyslexics, although females had fewer ectopias [18] . More recent studies have used neuroimaging to examine the brains of dyslexic individuals and have revealed a wide (and at times contradictory) array of structural/functional changes associated with the disorder, including region-specific reductions in the gray matter [19] [20] [21] [22] [23] , changes in white matter organization [24] , region-specific changes in the size of the corpus callosum [25] [26] [27] , and changes in patterns of activation during language/reading tasks, all of which are suggestive of subtle but widespread changes in connectivity [28] [29] [30] [31] [32] [33] .
Genetic and epidemiological studies have identified several genes as candidate dyslexia susceptibility genes (CDSGs), specifically through genetic linkage and association studies of affected populations in several countries [34] [35] [36] [37] [38] [39] [40] [41] . Building upon these findings, researchers have developed animal models of genetic disruption targeting the rodent homologs of a subset of these genes (Dyx1c1 , Kiaa0319 , and Dcdc2) . One such model utilizes 'knockdown' rats created via in utero electroporation of hairpin RNA interference (RNAi) for the target gene(s). Data derived from these animal models revealed that each of these 3 genes examined plays a critical role in cortical development and, more precisely, in the process of neuronal migration [38, [42] [43] [44] . This is a striking result given the neuronal migration anomalies observed in the brains of human dyslexics. However, effects of disruption of these genes on more specific gross morphometric measures in the brain (such as regional volumes and thalamic cell size distribution ) have not yet been examined using animal models.
To date, few studies have explored the associations between specific intermediate phenotypes of dyslexia and CDSG variants. Variants of one gene, DYX1C1 , have been explicitly linked to memory deficits in some languageimpaired populations [45] [46] [47] [48] . DYX1C1 variants have also recently been linked to deficits in mathematical mental calculation skills in dyslexic individuals [49] . In the brain, DYX1C1 variants have recently been reported to correlate with increases in the gray matter volume in the cerebellum in a sample of healthy and schizophrenic individuals [50] . Using the RNAi animal model, our lab has previously demonstrated that knocking down Dyx1c1 leads to deficits in rapid auditory processing and spatial working memory in male rats [51, 52] . Impacts of this knockdown on other behavioral domains and on gross brain morphology have not yet been explored.
The current study sought to better characterize the role of Dyx1c1 in rodent brain development and behavior. Male rats transfected with Dyx1c1 shRNA and shamtreated counterparts were tested on an operant visual attention paradigm. Since we have already reported effects of Dyx1c1 knockdown on complex auditory processing in male rats [51] , the task was replicated in the current study using both male and female rats. In previous studies, males were used exclusively for testing based on prior research that has demonstrated that males exhibit more robust behavioral deficits following disruptions of neuronal migration [53] [54] [55] . The inclusion of female rats has relevance to dyslexia, which has been shown to disproportionately affect males as compared to females (estimates range from 1.5: 1 to 3: 1 [1] ). Male rats transfected with Dyx1c1 shRNA were expected to show deficits on tasks of rapid and complex auditory processing (replicating prior reports, see [51] ); however, possible effects on females could not be predicted. Note that for visual attention testing, equipment limitations allowed us to test only a subset of animals, and we chose to assess males since we have in hand more data behaviorally characterizing Dyx1c1 shRNA-transfected males. Future studies will be needed to assess attention in Dyx1c1 shRNAtransfected females. To our knowledge, this was the first assessment of attention in a CDSG rodent model. Finally, in order to better understand the effects of this genetic disruption on widespread brain morphology, we performed stereological analyses on histological tissue samples from like-treated Dyx1c1 and sham male animals from two prior behavioral studies (in which males were used exclusively), specifically taking measurements of the cortical volume, hippocampal volume, midsagittal corpus callosum area, and neuronal cell size in the MGN [51, 52] .
Experimental Procedures
A total of 18 female and 17 male Wistar rats (Charles River Laboratory, Wilmington, Mass., USA) were used for behavioral testing (female sham, n = 11; female Dyx1c1 shRNA, n = 7; male sham, n = 8; male Dyx1c1 shRNA, n = 9), and treatments were within-litter to minimize litter effects. Rats were pair-housed in Plexiglas tubs with same-sex littermates until postnatal day 45 (P45), at which time they were single-housed. They were maintained on a 12-/12-hour light/dark cycle, and food and water were available ad libitum. All procedures were performed in accordance with the guidelines established by the National Institutes of Health and were approved by the University of Connecticut's Institutional Care and Use Committee.
In utero Electroporation
In utero electroporation of Dyx1c1 shRNA for the 18 female and 17 male rats was performed by one of the authors (A.B.B.) at the University of Connecticut in accordance with the procedures described in Bai et al. [56] . (For details on the transfection of the males used for stereological analyses, see [51, 52] .) All surgeries were performed on embryonic day 15.5 (E15.5). In all Dyx1c1 shRNA treatments, plasmids encoding Dyx1c1 short hairpin RNA (pU6DyxHPB; 1.5 μg/μl), 0.5 μg/μl piggyBac-encoded red fluorescent protein (RFP), and 1 μg/μl piggyBac transposase were cotransfected into the fetal ventricular zone. For sham treatments, animals received ventricular transfection of 1.5 μg/μl piggyBacencoded green fluorescent protein (GFP) and 1.5 μg/μl piggyBac transposase. The use of piggyBac vectors causes the associated fluorescent markers (RFP and GFP) to become incorporated into the transfected cell's DNA, and thus passed on to daughter cells (see [57] ). This ensured a detectable GFP or RFP signal after sacrifice, which was important given that the animals survived for several months after the embryonic transfection surgery.
Pregnant dams were heavily anesthetized with 100 mg/kg ketamine and 15 mg/kg xylazine injected intraperitoneally. A longitudinal midline incision was made in the lower abdomen, and the uterine horns were exposed. Within each litter (fetuses could not be sexed), half of the pups received an injection of the experimental plasmid solution, while the other half received a control injection. Further, 1-3 μl of plasmid mixed with Fast Green (2 mg/ml, Sigma) were microinjected via air pressure (General Valve Picospritzer, Pine Brook, N.J., USA) into one randomly chosen lateral ventricle of each embryo using a pulled glass pipette as a needle. Following injection, the plasmids were electroporated by discharging a 500-μF capacitor charged at 70 V with a sequencing power supply across a pair of copper alloy plates, creating a favorable electrical environment for the plasmid solutions to be taken into the nuclei of neural progenitor cells at the ventricular zone surface. Bilateral electroporation was achieved by switching the position of the copper alloy plates around the head of the embryo and delivering a 70-mV pulse to both the right and the left hemispheres. This resulted in some transfection of cells in each hemisphere, although the randomly chosen hemisphere that received the injection displayed the larger transfection in postmortem analysis. Paddles were positioned in such a way as to target cells in the ventricular zone that were destined for parietal cortex (for details, see [58] ). When the entire litter was transfected, the uterine horns were returned to the abdominal cavity, and the muscle and skin were sutured closed. Each dam received injections of Metacam (5 mg/ml; Butler Schein, Dublin, Ohio, USA) to alleviate postoperative pain, with recovery on a heating pad until return to the home cage where a palatable mash was provided.
The rats were weaned on P21, received right or left ear marking, and were housed in same-sex litter pairs (since treatment could not be identified at weaning). Treatment was later identified postmortem via observation of either RFP or GFP in histological preparations.
Auditory Testing
Startle Reduction Paradigm It is important to note that experimenters were blind to the animals' treatment condition throughout testing. For a complete timeline of behavioral testing, refer to figure 1 a. Auditory processing testing utilized a modified prepulse inhibition paradigm that has been discussed in detail elsewhere [59] . Briefly, in this paradigm a benign auditory cue is presented prior to a startle-eliciting stimulus (SES). The SES triggers an acoustic startle response (ASR), which is a gross motor reflex. If the rat is able to detect the pre-SES cue, the amplitude of the ASR is reduced. Thus, the rat's inhibition of the startle response acts as a mechanism to assess cue detectability [60] . During testing, the animals were placed on load cell platforms that recorded their movement (Med Associates, Georgia, Vt., USA). Acoustic stimuli were generated using a Pentium 4 Dell PC with custom sound programs and a Tucker Davis Technologies RP2 real-time processor. Sound files were played through a Marantz integrated amplifier that was connected to 9 Cambridge Soundworks speakers. The sound levels of each program used during testing were calibrated before testing (RadioShack Digital Sound Level Meter). Each pair of platforms had one speaker centered approximately 24 inches above it. The voltage output from each platform was passed through a load cell amplifier (PHM-250-60) into a Biopac MP100WS acquisition system (Biopac Systems, Santa Barbara, Calif., USA). The Biopac system was connected to two Macintosh Power Mac G4 computers running the program Acqknowledge v. 3.9.2. (Biopac Systems), which recorded the amplitude of each animal's ASR in millivolts following each presentation of the SES. Attenuated response scores (ATT scores) were calculated for each rat using the following formula: mean cued ASR/mean uncued ASR × 100. This created a ratio for each animal of the amplitude of their displacement of the load cell platform on cued trials compared to the displacement amplitude on uncued trials. ATT scores were expressed as percentages and represented the main dependent variable of interest for auditory testing. In sessions where multiple cue types occurred in a session (e.g., gap detection), ATT scores were ascertained for each cue. When the cue was consistent within each test session [e.g., oddball, frequency-modulated (FM) sweep], only one ATT score per session was derived.
Normal Single Tone Juvenile auditory testing began on P25 for all male and female animals. All rats were initially tested for 1 day on the normal single tone task, which provides a measure of individual differences in baseline hearing, gross motor startle response, and general prepulse inhibition. On uncued trials, this task consisted of a silent background that was interrupted by a 105-dB, 50-ms white noise SES. On cued trials, the SES was preceded by 50 ms by a single 75-dB, 7-ms, 2,300-Hz frequency tone pip. Silent Gap Detection A silent gap detection task was utilized during juvenile (P25-P45) and adult (P60+) testing over a period of 4 days. For a schematic of the silent gap task, refer to figure 1 b. In this task, the background sound was a constant 75-db broadband white noise. The cues that preceded the 105-db SES were silent gaps in the white noise background that ranged from 2 to 100 ms in duration. These gaps were presented in a pseudo-random order. On uncued trials, the broadband white noise background was not interrupted by a silent gap prior to SES presentation. The intertrial interval (ITI; the interval between the presentation of the SES and the start of the next trial) was between 16 and 24 ms, and the length of each ITI varied in a pseudo-random order. One session of silent gap testing consisted of 300 trials.
FM Sweep
The FM sweep task was administered over 4 days, also in both the juvenile and adult periods. Each day of FM sweep testing consisted of 104 trials (cued and uncued) presented in a pseudo-random order. For a schematic of the FM sweep task, refer to figure 1 c. In this procedure, the background sound was a repeating 75-dB high-to-low (2,300 and 1,100 Hz) FM sweep. The frequency sweep was extended over an intrastimulus interval (or duration) of either 275, 225, 175, or 125 ms (one duration was used per test session). Note that for purposes of analysis, the 275-and 225-ms sweep durations were classified as 'long' and the 175-and 125-ms sweep durations were classified as 'short'. Each frequency sweep was separated by a fixed between-sequence interstimulus interval (ISI) that was always 200 ms greater than the intrastimulus duration in use in a given test session. Cued trials consisted of a single reversal of the background sweep (from low to high) 50 ms prior to the 105-db, 50-ms SES.
3-Tone Oddball
The 3-tone oddball task was administered over 3 weeks in the adult period, following FM sweep testing. Each day of 3-tone oddball testing consisted of 104 trials (cued and uncued) presented in a pseudo-random order. For a schematic of the 3-tone oddball task, refer to figure 1 d. In this procedure, the background sound was a repeating sequence of 3 tones played in the following order: high frequency (2,300 Hz) -low frequency (1,100 Hz) -low frequency (1,100 Hz). On cued trials, the SES was preceded by 50 ms Fig. 1 . Timeline of the behavioral testing of the male and female Wistar rats ( a ) and schematics of auditory processing tasks ( b-d ). b A schematic of the silent gap detection task. Silent gaps were of variable durations between 2 and 100 ms. c A schematic of uncued and cued trials in the FM sweep task. In the cued trial, the cue is a reversal of the background frequency sweep from high-to-low to low-to-high, as depicted. The high frequency is 2,300 Hz and the low frequency is 1,100 Hz. The intrastimulus duration progressed from long to short across days of testing, making the frequency sweep (and thus the cue) more difficult to discriminate. The between-sequence ISI was always 200 ms greater than the intrastimulus duration. d A schematic of the 3-tone oddball task. The intrastimulus duration and between-sequence ISI varied across weeks of testing, progressing from long to short to increase the temporal demands of the task.
by the triplet high frequency -high frequency -low frequency (2,300/2,300/1,100 Hz) (the 'oddball'). The amount of time separating each tone in the sequence (the intrastimulus duration) varied across the 3 weeks, but the between-sequence ISI in each task was always 200 ms greater than the within-sequence intrastimulus duration being used to preserve stimulus integrity or separation. During the first week of testing, animals were tested on a 60-ms (intrastimulus)/260-ms (interstimulus) version of the 3-tone oddball task for 5 days and then progressed to a 30-/230-ms task the second week, and finally to a 10-/210-ms task the third week. Multiple days of testing were used at each condition due to the difficulty of the task.
Water Escape and Morris Water Maze
Spatial learning was also assessed in adult male and female rats following completion of auditory testing. First, all animals were tested on a water escape task before beginning the Morris water maze (MWM). In the water escape task, the animals were required to swim a short distance in an oval metal tub (40.5 × 21.5 inches) to a visible platform (4 inches in diameter). The rats were released at the opposite end of the tub from the platform, and the latency to swim and climb onto the platform was recorded. The water escape task was used to rule out motivational, motor, or visual impairments as a cause for differences in the MWM performance. MWM testing began the day after water escape testing and was administered over a period of 5 days. Testing took place in a round black Plexiglas pool (48 inches in diameter). An 8-inch submerged (invisible) platform was placed in the same position in the southeast quadrant of the tub every day of testing. Static extramaze cues were present in the room (the doorway, the light source, the experimenter, and large shapes painted black onto white walls). Both the tub and platform were painted black to eliminate intramaze cues. On each day of testing, animals underwent 4 trials on the MWM, being released from a new compass point (N, S, E, W) in the maze at the start of each trial. On the first trial on the first day of testing, each animal was placed on the platform for 10 s prior to being placed in the pool. The SMART video-tracking software system (Harvard Apparatus, Holliston, Mass., USA) and a ceilingmounted digital camera were used to record distance, latency, and swim speed data throughout MWM testing. A probe trial was conducted on the last day of MWM testing during which the goal platform was removed from the maze. The amount of time rats spent in the quadrant where the goal platform had been located throughout the week was recorded. This served as a measure of each animal's spatial memory for the location of the platform as well as a control for any potential olfactory or somatosensory cues provided by the submerged platform.
5-Choice Serial Reaction Time Testing (Males Only)
Following completion of MWM testing, the male subjects were tested on a 5-choice serial reaction time (5CSRT) task which measured visual attention abilities. (Note that equipment limitations allowed us to test only a subset of animals, and we chose to assess males since we have in hand more data behaviorally characterizing Dyx1c1 shRNA-transfected males. Future studies will be needed to assess attention in Dyx1c1 shRNA-transfected females.) The 5CSRT task is an operant training task that requires animals to respond to brief presentations of light stimuli with a nose poke into a lighted hole. Correct responses were rewarded with a palatable sugar pellet.
Our 5CSRT setup consisted of 3 operant chambers placed in sound and light attenuating boxes (MED-NP5L-B; Med Associates). Each operant chamber had 5 nose-poke holes on one wall and a single reward receptacle on the opposite wall. The nose-poke holes and reward receptacle were equipped with infrared beams that detected entry by a rat. An external pellet dispenser was attached to each operant chamber. Each operant chamber communicated with the attached Dell PC via the Med Associates Smart Ctrl 8 In/16 Out Package (DIG-716P2), and we used the software program Trans-IV to translate and compile custom Med State Notation programs for testing. We also used Med-PC IV to run the testing programs and acquire data.
Prior to the start of 5CSRT testing, male rats were food restricted until they had lost 10% of their body weight to ensure adequate motivation for the food reward offered during testing. Daily weight records were kept and standard lab chow was provided as necessary to ensure that the animals did not drop below 90% of their free-fed age-corrected body weight at any point during testing. The week before 5CSRT testing began, the animals were given 3 days of habituation training, which consisted of a single 20-min session in the operant chamber each day with the house light and all nosepoke and receptacle lights turned on. Reward pellets were placed in each of the 5 nose-poke holes and in the reward receptacle to familiarize the animals with the testing environment as well as the nose-poking behavior and the delivery location of sugar pellets. Following habituation, rats were given a single week of nose-poke training to gradually shape their behavior so that they would learn to respond to one lighted hole. During these 30-min sessions, the house lights in the operant chambers were turned off, all 5 nosepoke stimulus lights would light up on the first trial, and a nose poke into any of the 5 illuminated holes resulted in the delivery of a reward pellet in the reward receptacle. Based on animal response patterns, the number of lighted holes was gradually reduced down to 1 within each testing session (that is, the hole that was chosen by the animal on the previous trial did not illuminate on the next trial).
At the completion of training, 5 weeks of 5CSRT testing began. Throughout testing the stimulus duration, response interval (limited hold), and ITI (the time between the retrieval of a reward and the presentation of the next light stimulus) were gradually reduced to increase the difficulty of the task. Across 4 weeks of testing, animals progressed from a 60/60/5 program (60-second stimulus duration, 60-second limited hold, 5-second ITI), to a 30/30/5 program, 10/10/5 program, and eventually to a 5/5/5 program. The group average of percent correct responses was used to determine when all of the animals could be moved on to the next testing program. Specifically, 2 consecutive days of an average of at least 60% correct responses was used as the criterion to move on to the next testing program. During the fifth week, the rats were tested on a variable ITI task. The stimulus duration and limited hold were each set at 10 ms for this task. However, the ITI varied in a pseudorandom order between 2, 5, 10, and 15 ms.
The main dependent variables of interest that were measured through 5CSRT testing were the percent correct responses [calculated as the number of correct responses divided by the total number of trials including both errors and omissions (trials with no responses)] and the percent omissions (the number of trials on which the animal failed to respond in the set response window divided by the total number of trials).
Histological Preparation
Following completion of behavioral testing, all animals (males and females) were transcardially perfused for brain analysis and identification of fluorescent proteins labels which revealed each animal's identity as either a sham or Dyx1c1 shRNA-treated animal. Before transcardial perfusion, all animals were deeply anesthetized with an intraperitoneal injection of a ketamine/xylazine mixture (100 and 15 mg/kg, respectively). Rats were perfused with 0.4 M phosphate-buffered saline followed by 4% paraformaldehyde. Heads were removed and brains were extracted and postfixed in 4% paraformaldehyde solution. Brains were shipped to G.D.R. at the Beth Israel Deaconess Medical Center for histological processing. They were cryoprotected in a 30% sucrose buffer solution before being sliced in the coronal plane at 40 μm thickness. A 1-in-10 series of sections was mounted and stained for Nissl substance with thionine. An adjacent series of free-floating sections were mounted and screened for fluorescent protein labels using fluorescent microscopy to detect GFP or RFP. A final series of sections was immunohistochemically processed for visualization of RFP or GFP (Chemicon, 1: 200) using ABC protocols. Light microscopy and qualitative descriptors were used to identify any visible dysplasia in sham-and shRNA-treated rats.
Stereology

Volumetric Analyses
Brains from a second cohort of male animals were used for volumetric analyses of the cortex and hippocampus and cell size analysis of the MGN. Here, a total of 28 male Sprague-Dawley shams and 29 male Sprague-Dawley Dyx1c1 shRNA-treated animals were used for volumetric reconstruction of the cortex and hippocampus. These animals had been tested on an 8-arm radial water maze working memory task, were sacrificed at a comparable age, and were found to have significant impairments on the task as compared to shams (for details, see [52] ). A 1-in-10 mounted series of 40-μm-thick Nissl-stained sections (exactly as above) was used for analysis. Volumes of the cerebral cortex and hippocampus were measured at 2.5× magnification on an Axio 2 Zeiss Microscope using Stereo Investigator (MBF Bioscience, Williston, Vt., USA). The Cavalieri Estimator probe was used to overlay a grid of 600 × 600 μm, and all points of intersection on the grid within the boundaries of the outlined region of interest were counted. Specifically, all regions dorsal to the rhinal fissure were included in the cortex measurements, including areas extending up and onto the medial surface. The hippocampal measurements included the subiculum, dentate gyrus, CA1, CA2, and CA3. These measurements, along with the section thickness and distance between each section counted, were entered into the Cavalieri equation, which yielded an estimate of the volume. Volume estimates for the right and left cortex as well as the hippocampus were calculated separately. An average of 10 sections per animal was counted for the cortex and hippocampus.
The midsagittal area of the corpus callosum was also measured for each of these animals using the Axio 2 Zeiss microscope and Stereo Investigator software. Measurements were taken at 10× magnification. The corpus callosum was analyzed on systemically sampled sections, beginning rostrally where the corpus callosum was first seen to cross the midline and continuing caudally until the last section where the corpus callosum crossed the midline. On each coronal section measured, a line was drawn along the dorsalventral axis of the brain at the midline, extending beyond the dorsal and ventral boundaries of the corpus callosum, and we then measured the dorsal-ventral length of the midline of the corpus callosum. These measurements, along with the thickness of the mounted slices and the distance between each counted section, were entered into the Cavalieri equation, which yielded an estimate of the midsagittal area of the corpus callosum (for details, see [61] ).
MGN Cell Size Analysis
Brains from a third cohort of like-treated and same age-of-sacrifice Dyx1c1 and sham male Wistar rats were used for MGN cell size analysis. The details of behavioral testing and histological preparation of these brains were described previously [43, 51] . Briefly, a total of 23 celloidin-embedded Nissl-stained brains were analyzed using the Axio 2 Zeiss Microscope and Stereo Investigator. An average of 4 brain sections per subject containing the MGN were chosen for analysis using a stereotaxic rat brain atlas [Paxinos and Watson, 2007] . In the Stereo Investigator, contours outlining the entire MGN were drawn at 10× magnification. Cell size measurements were taken at 100× magnification using the Nucleator probe in Stereo Investigator. Neurons were distinguished from non-neuronal cell types by the presence of a nucleolus; only neurons were measured for this analysis. A grid size of 250 × 250 μm and a counting frame of 25 × 25 μm were utilized. Neurons were only counted when their nucleolus was in sharp focus and when they were contained within the active borders of the counting frame. We obtained estimates of the neuronal area in the left MGN, right MGN, and total (right + left) MGN for each animal.
Data Analyses
Multivariate analyses of variance (ANOVA), and post hoc testing when appropriate, were used to analyze the ATT scores from auditory testing as well as the latency and swim speed measures from MWM testing between sexes and treatment groups. Repeated-measures ANOVA was used to analyze the percent correct responses and percent omissions from male visual attention testing. Repeated-measures ANOVA was also used to analyze MGN cell size distribution data between the treatment groups. Univariate ANOVA was used to analyze the cortical volume, hippocampal volume, and midsagittal area of the corpus callosum between the treatment groups. All statistical analyses of behavioral and morphological data were performed using IBM SPSS Statistics Standard Edition version 19.0. All reported p values are two-tailed unless otherwise stated.
Results
Histology and Treatment Verification
Qualitative observation of GFP and RFP in the brains from the 17 male and 18 female Wistar rats used for behavioral testing revealed 11 female sham animals, 7 female Dyx1c1 shRNA animals, 8 male sham, and 9 male Dyx1c1 shRNA animals. Further histological classification revealed 4 categories of cortical disruption within the male and female Dyx1c1 shRNA groups (see fig. 2 ): (1) injection site ectopia (female Dyx1c1 shRNA, n = 3; male Dyx1c1 shRNA, n = 4), which describes an ectopic collection of cells in layer I as a result of the injection puncture wound during in utero electroporation; (2) unmigrated neurons in the white matter (female Dyx1c1 shRNA, n = 5; male Dyx1c1 shRNA, n = 2), which describes small and large collections of unmigrated cells forming heterotopic pockets in the white matter subjacent to the cortex; (3) hippocampal dysplasia (female Dyx1c1 shRNA, n = 1; male Dyx1c1 shRNA, n = 2), which describes pockets of unmigrated cells that disrupted the structure of the hippocampal formation (most often the dentate gyrus), and (4) no visible malformations (female Dyx1c1 shRNA, n = 1; male Dyx1c1 shRNA, n = 4), which describes any animal whose brain did not display any of the gross malfor- Unmigrated neurons in the white matter (female Dyx1c1 shRNA, n = 5; male Dyx1c1 shRNA, n = 2). These anomalies were observed as small and large collections of unmigrated cells forming heterotopic pockets in the white matter subjacent to the cortex (arrows). b , e Hippocampal dysplasia (female Dyx1c1 shRNA, n = 1; male Dyx1c1 shRNA, n = 2). These anomalies were observed as pockets of unmigrated cells that disrupted the structure of the hippocampal formation (most often the dentate gyrus) (arrowheads). Scale bars = 500 μm. mations described in the other categories. The malformations varied in size and number, and many subjects (n = 12) displayed multiple types of disruption. The male and female Dyx1c1 shRNA brains appeared qualitatively similar, with the majority of animals in each case displaying at least one form of disruption. It is worth noting that, during in utero electroporation surgery, the copper alloy paddles were placed in such a way as to primarily target transfection of cell populations destined for regions of the parietal cortex, as has been done in all of our previous RNAi studies (for more technical details, see [62] ). Observation of tissue sections stained for RFP and GFP confirmed that the vast majority of labeled cells in each animal were present in the parietal cortex. Note that in addition to being analyzed as a function of sex and treatment ( Dyx1c1 shRNA vs. sham), all behavioral results were also analyzed as a function of these histological subgroups. However, a significant main effect of the histological category was not found, and so data are only presented here as a function of sex and treatment groups.
Auditory Testing
Normal Single Tone Paired-samples t tests were used to compare the mean uncued and cued startle response amplitude for all subjects on the normal single tone task. Analyses revealed significant attenuation on cued trials in both male and female sham and Dyx1c1 shRNA animals (p < 0.05). A univariate ANOVA with sex (2 levels) and treatment (2 levels) showed no main effect of sex and treatment, nor a sex × treatment interaction [ F (1, 31) <1, n.s. in all cases] on the mean ATT scores for the task. These results indicate that there were no differences between the sexes or the treatment groups in basic auditory discrimination abilities or baseline prepulse inhibition.
Silent Gap Detection Analysis of mean cued and uncued startle response amplitudes revealed that all animals were able to successfully detect gaps down to 5 ms. A two-between (sex and treatment), two-within [day (4 levels) and gap (9 levels)] ANOVA revealed no main effect of sex and treatment, nor a sex × treatment interaction [ F (1, 31) <1, n.s. in all cases], indicating similar gap detection abilities between the sexes and treatment groups ( fig. 3 a, b) fig. 3 c, d ). Finally, we found a significant age × sweep duration × treatment effect [ F (1, 31) = 11.7, p < 0.01]. When values were assessed for the juvenile short FM condition only, we found a significant treatment effect across sexes (p < 0.03, η p 2 = 0.151), but this effect was not quite significant in adults only (although a trend was present, with Dyx1c1 shRNA animals performing worse than shams).
3-Tone Oddball
ATT scores from each version of the 3-tone oddball task were averaged across days for each rat, resulting in one mean ATT score for the 60-/260-ms version of the task, one for the 30-/230-ms version, and one for the 10-/ 210-ms version (per animal). These ATT scores were analyzed in a two-between (sex and treatment) and onewithin [task (3 levels)] ANOVA. We did not find a main effect of treatment across the 3 tasks, although a trend was present [ F (1, 31) = 2.9, p = 0.10η p 2 = 0.086], with Dyx1c1 shRNA-treated animals having slightly higher average ATT scores than shams on all 3 versions of this task ( fig. 3 e, f) . There was not a main effect of sex nor a sex × treatment interaction [ F (1, 31) <1, n.s. for both effects]. A significant within-subjects effect of task [ F (2, 62) = 5.1, p < 0.01] indicated that each group performed worse as the ISI used within the task decreased (and thus the task increased in difficulty). 
Water Escape and MWM
Latency to mount the platform during the water escape task was analyzed using a two-between (sex and treatment) ANOVA ( fig. 4 a) . We found no main effect of sex and treatment, nor a sex × treatment interaction [ F (1, 31) <1, n.s. in all cases], indicating that there were no baseline differences in the animals' ability to see, swim, or mount the platform. For the MWM data, a two-between (sex and treatment), one-within (day) ANOVA compared the average swim speed across all 4 trials throughout the 4 days of testing. This analysis revealed no significant main effects of sex and treatment, nor a sex × treatment interaction [ F (1, 31) <1, n.s. in all cases]. There was, however, a significant within-subjects day × sex interaction [ F (3, 93) = 3.0, p < 0.05], which was due to the fact that male rats swam significantly faster than female rats on the last 2 days of testing.
To assess differences in spatial learning, a two-between (sex and treatment), one-within (day) ANOVA was carried out to compare the average length of the swim path to reach the platform between groups across 4 trials per day and 4 days of testing. The analysis revealed a significant main effect of sex [ F (1, 31) = 8.2, p < 0.01] due to the fact that, across treatment, females swam significantly longer paths to the goal platform than males ( fig. 4 c) . This finding is not surprising given the well-documented evidence of differences in spatial navigation abilities between male and female rodents (for a review, see [63] ). There was neither a main effect of treatment nor a significant sex × treatment interaction [ F (1, 31) <1, n.s. in . 4 . MWM data. a The average latency to mount a visible platform during the water escape task, given the day before the start of MWM testing. There were no main effects of sex or treatment, indicating that male and female Dyx1c1 shRNA and sham animals were all able to see, swim, and mount the platform. b The average time spent in each of the 4 maze quadrants during the probe trial. All animals spent significantly more time in the target quadrant during the probe trial (indicated by * * p < 0.01), which indicates that all animals successfully learned the location of the goal platform across the 4 prior days of testing. There were no main effects of sex or treatment on the probe trial data. c MWM average path length to the platform. A significant effect of sex ( * p < 0.05) indicates that females swam longer paths than males before reaching the platform across 4 days of testing. No main effect of treatment was found, indicating that sham and Dyx1c1 shRNA animals swam similar distances before finding the goal platform. Values represent means ± SEM.
both cases], indicating that Dyx1c1 shRNA rats performed the task at a level similar to shams. The only significant within-subjects effect was a day effect [ F (3, 93) = 4.4, p < 0.01], indicating that all animals improved on the task across days of testing. For the probe trial data, a repeated-measures ANOVA was carried out to compare the average time spent in each quadrant and the average distance swam in each quadrant between groups ( fig. 4 b) . For each analysis, there was no main effect of sex and treatment, nor a sex × treatment interaction [ F (1, 31) < 1, n.s. in all cases]. There was a significant within-subjects effect of quadrant [ F (3, 93) = 15.0, p < 0.001], and pairwise comparisons revealed that significantly more time was spent (p < 0.01) and longer total distances were swam (data not shown, p < 0.01) in the target quadrant as compared to each of the other quadrants (a Bonferroni correction for multiple testing was used). This indicates that the animals, across sex and treatment group, did indeed learn and remember the spatial location of the goal platform across 4 days of MWM testing.
5CSRT Testing (Males Only)
Due to changes in task demand and parameters, performance (% correct) was assessed at each phase separately (but overall scores are shown in fig. 5 a, with Dyx1c1 shRNA animals consistently performing worse than shams). Individual one-within [day (5 levels)] and onebetween [treatment (2 levels)] ANOVAs were used to analyze the data from each visual attention task. A significant treatment effect was found when examining performance specifically on the 60/60/5 version of the task, with Dyx1c1 animals performing significantly worse on the first 3 days [ F (1, 14) = 3.1, p = 0.05, one-tailed, η p 2 = 0.182) ( fig. 5 b) . A one-tail test was used based on human evidence that anomalies in the DYX1C1 gene are associated with deficits on tasks requiring sustained attention [45] [46] [47] [48] [49] providing a strong a priori basis to examine treatment differences in one direction only. fig. 6 ). To verify the significance of this difference in the data in another way, we also performed a two-sample Kolmogorov-Smirnov test to compare non-binned distributions of the raw MGN neuronal size data between the Dyx1c1 shRNA animals and the sham animals. This test also yielded a significant result (p < 0.001), further illustrating that there are significantly more small cells (and fewer large cells) in Dyx1c1 shRNA-treated animals. Note that we ran bivariate correlations on between the average MGN cell size data for Dyx1c1 shRNA-treated animals and sham animals and their corresponding auditory data from a previous study [51] . However, these correlations did not yield significant results (possibly due to the small group sizes: Dyx1c1 shRNA n = 16 and sham n = 9), and so we do not report them here.
Discussion
We found that knocking down Dyx1c1 expression in a subset of neocortical cells in the developing rat brain leads to disrupted neuronal migration and was associated in the current study with specific impairments on complex acoustic processing tasks in both male and female rats, with no effects on simple spatial learning and memory (MWM). Early interference with Dyx1c1 was also found to lead to visual attention deficits in male rats, and these deficits appear to be orthogonal to the auditory processing deficits (based on a lack of correlation). Analyses of gross brain morphology revealed that early interference with Dyx1c1 did not lead to changes in the midsagittal area of the corpus callosum, volume of the cortex or volIn order to determine if the observed deficits in attention were related to the previously observed complex acoustic processing deficits, separate bivariate correlations were run on percent correct averaged across all visual attention tasks and average adult short FM ATT scores for Dyx1c1 and sham animals ( fig. 5 c) . The analysis revealed a significant correlation between ATT scores and percent correct for sham rats ( r = -0.77, p < 0.05), which indicates that lower ATT scores (which indicate better performance) are correlated with higher percent correct scores. However, there was no significant correlation between ATT scores and percent correct for Dyx1c1 shRNA animals ( r = 0.34, n.s.). The significant correlation seen in shams may reflect an index of general good performance across tasks (i.e., separating 'smarter' rats on both tasks). However, importantly, the lack of a significant correlation in knockdown animals indicates that these measures are orthogonal in Dyx1c1 rats. This suggests that deficits in processing complex stimuli are independent of underlying deficits in attention; however, causal relationships cannot be drawn from correlational data.
Stereology
Volumetric Analyses
Data from the volumetric analyses of the prepared brain sections from the second cohort of male brains from Szalkowski et al. [52] were analyzed with one-way ANOVAs. No significant effect of treatment was found for the midsagittal area of the corpus callosum, left or right cortex volume, or left or right hippocampus volume [ F (1, 55) <1, n.s. in all cases]. All of the current stereological measures were analyzed as a function of the presence or absence of visible malformations in Dyx1c1 shRNA animals, and no significant differences in the main effect of visible malformation was found.
MGN Cell Size Analysis
Note that measures from the right and left MGN were analyzed separately using hemisphere as a repeated measure, but no effect of hemisphere nor any interactions were found and so the data reported here are summed over this variable. A one-way ANOVA revealed that there was no significant treatment effect on the average total MGN neuron size, average left MGN neuron size, or average right MGN neuron size [ F (1, 21) <1, n.s. in all cases]. For total MGN neuronal size distribution analysis, we computed a frequency distribution using 14 consecutive bins ranging from 0-230 μm 2 . The number of neurons in each bin was converted to a percentage of the total num-ume of the hippocampus. However, Dyx1c1 shRNA animals did exhibit a shift in the distribution of neuron sizes in the MGN of the thalamus, with more small and fewer large neurons as compared to sham counterparts. The current study thus provides additional support for the role of Dyx1c1 in disrupting behavioral processes that parallel those associated with dyslexia in humans as well as for a role for Dyx1c1 in neuronal migration and more widespread developmental brain circuitry.
Dyx1c1 RNAi and Behavior: Auditory Processing
Deficits in processing rapidly presented verbal and non-verbal acoustic information have been shown in many individuals with dyslexia and other forms of developmental language impairment [12, 15, 39, [64] [65] [66] [67] . Moreover, it has been suggested that rapid auditory processing skills underlie in part higher cognitive processes such as phonological processing (which plays an essential role in reading acquisition) in both dyslexic and non-dyslexic populations [68] [69] [70] . Importantly, the current study replicated findings reported in Threlkeld et al. [51] , specifically that Dyx1c1 knockdown leads to subsequent impairments on a complex auditory processing task as seen in both juvenile and adult male animals (though effects here are more pronounced at the juvenile age, consistent with prior evidence that experience can ameliorate some deficits [71] ). In both the current study and the Threlkeld et al. [51] study, rapid auditory processing deficits were found in spite of the fact that the primary auditory cortex was neither directly transfected nor visibly disrupted as a result of the RNAi procedure. We hypothesize that the observed auditory processing impairments result because early disruption of cortical neuronal migration has widespread effects on cortical organization that are not obvious in gross neuroanatomical analysis (i.e., Nissl stain). This hypothesis is supported by the observation that the cell size distribution in the MGN shifts following these developmental perturbations ( fig. 6 ). The MGN (which is a neural substrate of audition) receives reciprocal connections from the primary auditory cortex. The fact that the morphology of this nucleus changes in the absence of gross morphometric disruptions to the primary auditory cortex suggests that there are widespread changes to cortical organization following these 'focal' disruptions of neuronal migration.
The current study also demonstrated that disruption of Dyx1c1 lead to equivalent acoustic processing deficits in male and female animals. This latter finding might appear in stark contrast to previous reports demonstrating a female advantage following other types of early brain disruption in rats [53, 55, 72] . However, whereas prior reports emphasize sex differences in response to damage, the cascade of brain changes following Dyx1c1 knockdown may not specifically trigger apoptotic events and thus may be independent of sex or sex-specific hormonal pathways shown to modulate apoptosis [73] . One study from our lab demonstrated a female advantage following cortical dysgenesis in an animal model that did not involve injury per se, using a strain of mice that exhibit spontaneously occurring layer I ectopia [54] . In this study, it is important to note that genetic factors were not assessed, but rather physical evidence of disruption was used to categorize affected and unaffected male and female mice for statistical comparison. It is unclear what . However, this study exclusively examined the deleterious effects of overexpression of Dyx1c1 on estrogen receptor signaling, and so it is difficult to interpret that theory in the context of reduced Dyx1c1 expression. Ultimately, the dramatic sex differences in diagnostic ratios for dyslexia (estimated at 1.5: 1 to 3: 1 [1] ) remain to be explained.
Dyx1c1 RNAi and Behavior: Spatial Memory
It is important to note that, in the current study, Dyx1c1 knockdown did not lead to spatial memory deficits on the MWM task. Similarly, in the Threlkeld et al. [51] study, spatial memory deficits were only observed in Dyx1c1 shRNA animals with specific disruption to the hippocampus, suggesting that if the hippocampus is not directly disrupted, Dyx1c1 RNAi does not lead to simple spatial memory impairments. In our study, only 3 animals exhibited disruption of the hippocampus, and therefore this statistical comparison could not be made. Still, the overall Dyx1c1 group showed no deficits in simple spatial memory. This result may seem paradoxical given our previous report that Dyx1c1 shRNA-treated animals exhibit deficits in spatial working memory (as assessed on an 8-arm radial water maze task) [52] . However, the radial arm water maze may tap into a neural circuit that is different than hippocampus-dependent spatial navigation abilities. Thus, embryonic Dyx1c1 shRNA transfection appears to detrimentally affect spatial working memory even though simple spatial memory and navigation abilities remain intact. Importantly, there was a significant sex effect for both Dyx1c1 shRNA and sham females, which performed the MWM more poorly than their male counterparts. This result is consistent with documented sex differences in spatial navigation abilities [63] . Moreover, the ability of transfected animals to learn and perform a task of simple spatial memory indicates that the Dyx1c1 genetic disruption does not create a global deficit in learning and cognitive ability. Instead, the observed impairments are subtle and domain specific. These findings run nicely in parallel to effects observed in dyslexic populations, with dyslexic individuals demonstrating significant impairments in reading despite otherwise normal IQ levels.
Dyx1c1 RNAi and Behavior: Visual Attention
In addition to auditory and phonological impairments, deficits in visual attention have also been reported in some dyslexic individuals [10, [75] [76] [77] . In fact, one recent study demonstrated that performance on a visual attention task was a better predictor of future reading ability than other language-related scores among a sample of kindergarteners [10] . Interestingly, some recent evidence has suggested that these visual attention deficits and phonological deficits may be orthogonal to one another and, moreover, likely mediated by separate neural mechanisms [4, 78] . Additional support for the role of attention in reading comes from the high comorbidity between dyslexia and ADHD, and the observation that 40% of children diagnosed with ADHD also exhibit reading impairments (although this overlap may not be due to deficits in visuospatial attention specifically) [79] [80] [81] . In the current study, knocking down Dyx1c1 led to significant impairments in visual attention in male rodents. To the best of our knowledge, this is the first report of visual attention deficits in an animal model following knockdown of Dyx1c1 (or any CDSG). As with the auditory processing data, deficits found in visual attention in Dyx1c1 shRNA rats were significant but subtle, in fact suggesting that ongoing experience can ameliorate some of the deficits seen at earlier ages and stages of testing.
It is also interesting to note that the attention deficit appears to be orthogonal to the auditory processing deficit. Specifically, while we found a significant correlation between high performance on rapid auditory processing tasks and high performance on visual attention tasks in shams, there was no correlation between rapid auditory processing scores and visual attention scores in Dyx1c1 shRNA animals. We hypothesize that this is due to the fact that the two behavioral domains tested have semiindependent underlying neural controls, which could support each other in a normal system (i.e., to produce 'high performers'). Developmental disruption may specifically disassociate from these systems by differentially impacting underlying neural systems of attention and acoustic processing. However, deficits in rapid auditory processing abilities are likely mediated by alterations in sensory processing pathways within the brain (such as those involving the MGN, which we have shown to be disrupted in this model), while deficits in visual attention may be mediated by disruptions to higher-order core executive functioning systems. Executive functioning abilities include other domains such as short-term and working memory, which has also been shown to be deficient following Dyx1c1 shRNA transfection in rats [52] . Future studies will look at potential correlations between working memory abilities and visual attention in Dyx1c1 shRNA-transfected rats to explore this possibility.
Dyx1c1 RNAi and Brain Morphology
Several reports have come out within the last 5 years to support the view that Dyx1c1 plays a role in neuronal migration in the brains of rodents [43, 44, 51, 52, 82] .
This evidence is striking, given the observation of neuronal migration disorders in the brains of human dyslexic patients [16] . Across all studies, several common categories of brain disruption have been observed in rats following Dyx1c1 RNAi. These include the following: heterotopia or unmigrated neurons in the white matter; injection site ectopias, which are collections of cells in layer I of the neocortex, resulting from the injection puncture wound; hippocampal dysplasia, in which collections of unmigrated neocortical cells disrupt regions of the hippocampal formation, and, occasionally, non-injection site ectopias, in which collections of neocortical cells overmigrate into layer I of the neocortex distal from the injection site. While the exact biological function of the Dyx1c1 protein is still being studied, some studies have suggested that it plays a role in cytoskeletal dynamics, which are crucial for allowing cells to adapt and change shape during the process of migration [44] . Another commonality among the rat RNAi studies of Dyx1c1 is the wide variability in the size and number of malformations present in each animal, in spite of similarly-sized populations of transfected cells. Interestingly, attempts to draw correlations between the behavioral impairments observed in these animals and the types and degree of cortical dysgenesis present have been inconclusive. In fact, a previous report from our lab has reported that Dyx1c1 shRNA-transfected male animals without any visible malformations performed just as poorly on a working memory task as those with one or more frank disruptions to the cortex and white matter [52] . In the current study, there were not enough animals without visible malformations to make a similar, meaningful comparison. Yet importantly, these findings stand in contrast to previous work from our lab that has demonstrated direct relationships between the degree of behavioral impairment and the degree of cortical disruption in teratogenic and injury-induced disruptions of neuronal migration [71, 83] . This discrepancy may reflect the fact that subtle reorganization of the underlying circuitry may parallel the degree of injury when disruption is externally induced (e.g., by focal freezing lesion on P1 to create microgyria), but when alterations in the circuitry are the product of genetic anomalies regulating brain development, then the presence or absence of 'visible' malformations may represent more of an epiphenomenon that is not necessarily causal (but rather an orthogonal end point). This means that more finegrained assessments of cortical disruption (optical imaging, electrophysiology) may be needed to find the 'neural signature' associated with these behavioral deficits. Taken together, this suggests that the loss of Dyx1c1 protein impacts the brain differently than other types of induced migration disruption, and instead may affect the developing brain -and ultimately behavior -at a microscopic or synaptic level. Additional support for this theory comes from other studies that have reported that knocking down Dyx1c1 through RNAi impacts cells that were not directly transfected with shRNA, often leading to aberrant migration and placement of otherwise normal cells [43, 44] . However, the exact mechanism underlying these various effects of Dyx1c1 knockdown remains unknown.
The current study also sought to better characterize the widespread effects of Dyx1c1 knockdown on brain morphology in male rats. We found that Dyx1c1 knockdown did not cause significant changes in the midsagittal area of the corpus callosum, cortex volume, or hippocampal volume. Several neuroimaging reports in the clinical literature have demonstrated decreases in cortical gray matter and increases in corpus callosum size in dyslexic individuals as compared to unaffected controls [19] [20] [21] [22] [23] [24] . However, specific relationships between Dyx1c1 variants and white matter structure have not yet been explored clinically. One recent report investigated specific relationships between changes in gray matter and variants of the CDSGs Dyx1c1, Kiaa0319, and Dcdc2 in schizophrenic humans. In that sample, DCDC2 variants, and not DYX1C1 variants, were found to associate with cortical gray matter changes [49] . Thus, it is possible that previously observed changes in gross cortical and callosal size may be due to the influence of other CDSG variants, or to an as yet undiscovered mechanism. This lack of gross an-atomical changes in the cortex, corpus callosum, and hippocampus following Dyx1c1 knockdown further suggests that this genetic disruption changes the developing brain at a microscopic (circuitry) level.
We also explored the effects of Dyx1c1 knockdown at the cellular level in the auditory nucleus of the thalamus, the MGN, in a subset of male animals. We specifically chose to examine the MGN based on its known role in auditory processing and based on the report by Galaburda et al. [17] demonstrating a significant change in cell size distribution in the MGN of dyslexic individuals as compared to controls. Moreover, similar changes in MGN morphology have been reported in other animal models of developmental cortical dysgenesis [84] [85] [86] . In the current study, we observed a significant change in the MGN cell size distribution in Dyx1c1 shRNA-transfected animals. Specifically, Dyx1c1 shRNA animals had more small cells in the MGN than their sham-treated counterparts -a shift that is strikingly similar to previously reported MGN changes in both animal and human studies. This was an especially intriguing finding given that this subset of animals demonstrated significant impairments in auditory processing abilities [51] . As a subcortical structure, the MGN is not directly impacted by the transfection procedure, which specifically targets neocortical neurons at the ventricular zone surface for Dyx1c1 knockdown. Moreover, the cells transfected during in utero electroporation were not destined for the primary auditory cortex, which shares reciprocal projections with the MGN, but instead were cells that were precursor neurons of the parietal cortex (for further histological details, see [43] ). Thus, it seems unlikely that the changes in the MGN were secondary to changes in immediate (primary) cortical targets. Rather, previous studies have proposed that MGN cell size distribution shifts like this one may occur as a result of atypical maintenance of transient developmental connections between the MGN and areas of non-auditory cortices following developmental brain injury [84] .
Functionally, a reduction in the number of large cells in the MGN may result in impairments in processing rapid acoustic information [87] . However, we cannot draw any conclusions about causal relationships between disrupted MGN morphology and rapid auditory processing deficits in the current study. While further testing is necessary to explore this and other possibilities, it is plausible that Dyx1c1 knockdown may affect behavior through subtle and pervasive secondary subcortical changes as demonstrated here.
Conclusions
We report here that in utero Dyx1c1 knockdown led to disruptions of neuronal migration in the brains of male (and female) Wistar rats. Further, stereological investigation of transfected male rat brains revealed that this genetic disruption did not result in significant changes in the volumes of the cortex or hippocampus, nor in the midsagittal area of the corpus callosum. Transfection did, however, lead to a significant shift in cell size distribution within the MGN of male rat brains, which may have important functional implications in the domain of complex auditory processing. We further replicated previous reports of specific complex acoustic processing deficits in Dyx1c1 shRNA-transfected males and provide new evidence that this genetic disruption leads to similar behavioral impairments in females. We also found, for the first time, that Dyx1c1 shRNA transfection is associated with visual attention deficits in adult male rodents. Taken together, these results provide further support for the role of Dyx1c1 in brain development, and specifically for behaviors that parallel those often impaired in developmental dyslexia. Future studies will further investigate similarities and differences in the effects of these genetic disruptions -using this and other rodent homologs of CDSGs -in males and females, for example by testing female abilities in working memory and visual attention. Potential sex differences in gross morphological measures in the brains of transfected animals will also be explored in future work. The identification of potential gene-behavior relationships in dyslexia -as well as potential sex-specific gene-behavior relationships -could culminate in more accurate and earlier diagnoses as well as in the implementation of individually tailored early intervention in at-risk populations, ideally leading to improved cognitive outcomes for those impacted by the disorder.
